Membrane fusion is essential in a myriad of eukaryotic cell biological processes, including the synaptic transmission. Rabphilin-3A is a membrane trafficking protein involved in the calcium-dependent regulation of secretory vesicle exocytosis in neurons and neuroendocrine cells, but the underlying mechanism remains poorly understood. Here, we report the crystal structures and biochemical analyses of Rabphilin-3A C2B-SNAP25 and C2B-phosphatidylinositol 4,5-bisphosphate (PIP 2 ) complexes, revealing how Rabphilin-3A C2 domains operate in cooperation with PIP 2 /Ca 2+ and SNAP25 to bind the plasma membrane, adopting a conformation compatible to interact with the complete SNARE complex. Comparisons with the synaptotagmin1-SNARE show that both proteins contact the same SNAP25 surface, but Rabphilin-3A uses a unique structural element. Data obtained here suggest a model to explain the Ca 2+ -dependent fusion process by membrane bending with a myriad of variations depending on the properties of the C2 domain-bearing protein, shedding light to understand the fine-tuning control of the different vesicle fusion events.
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C2 domains | membrane fusion | Rabphilin-3A | SNAP-25 | X-ray crystallography N eurons are able to communicate with others through the liberation of neurotransmitters during synapses. Numerous proteins are recruited to the presynaptic space to execute a highly controlled and precise mechanism, resulting in the liberation of neurotransmitters to the synaptic cleft. Central components of the process are the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins: syntaxin-1A (STX1A), VAMP2 (synaptobrevin-2), and synaptosome-associated protein of 25 kDa (SNAP25), which fold into a stable four-helix bundle that brings together vesicle and plasma membranes, driving membrane fusion (1) (2) (3) (4) . Other important players are complexin, Munc18-1, Munc13, and a collection of proteins that share a common structural motif: the C2 domain (5, 6) . These domains are regulated by their ability to bind Ca 2+ , phospholipids, and protein interactions, endowing them with properties to fine-tune the wide variety of vesicle release modes (7) . Nowadays, we have detailed information on many of the steps contributing to docking, priming, and fusion of these vesicles, but a clear picture on how these regulators contribute in each particular state still remains under debate, mainly due to the lack of high-resolution structural data.
Rabphilin-3A (Rph3A) is a membrane trafficking protein involved in the Ca 2+ -dependent regulation of secretory vesicle exocytosis in neurons and neuroendocrine cells; however, its exact role in the process still remains under debate. The protein is targeted to synaptic or secretory vesicles through the interaction with the small G-proteins Rab3 or Rab27, via its N-terminal Rabbinding domain (8) (9) (10) . Its C-terminal domain consists of tandem C2 domains that are responsible for the Ca 2+ -and phospholipidsdependent membrane specificity of the protein (11, 12) and also participate in other protein-protein interactions. In particular, the C2B domain has been shown to interact with SNAP25 to regulate the docking step of dense-core vesicles in PC12 cells (13, 14) and to limit the repriming of new vesicles during synaptic depression recovery in embryonic hippocampal neurons (15) , suggesting a fine-tuning role of Rph3A in the vesicle fusion machinery. Two distinct C2B-SNAP25 interfaces of interaction have been identified: the α-helices located at the bottom surface of the domain (15) and the β3-β4 polybasic cluster (14) . In contrast, other works have demonstrated that this polybasic cluster is involved in direct contacts with the plasma membrane through the phosphoinositide phosphatidylinositol 4,5-bisphosphate (PIP 2 ) (11, 12, 16) . However, the transient nature of these interactions and the lack of high-resolution structures of Rph3A-SNAP25-PIP 2 complexes have prevented the detailed analysis of residues involved and, consequently, hampered the efforts to understand how these components orchestrate to bring about vesicle fusion.
In this study, we report the crystal structures of Rph3A C2B-SNAP25 and C2B-PIP 2 complexes, revealing two different contact interfaces: the former involves the bottom α-helices, and the latter, the polybasic cluster. Comparisons with the synaptotagmin1-SNARE complex, solved by X-ray crystallography (17) , show that both proteins may contact the same SNAP25 surface but using distinct structural elements for the interaction. Lipid Significance Membrane fusion is essential in multiple cell processes, including neuronal communication. Numerous proteins are recruited to the presynaptic space to execute a highly controlled process, resulting in the liberation of neurotransmitters. Many of these proteins share C2 domains as common structural motifs, regulated by their ability to bind Ca 2+ , phospholipids, and other proteins, endowing them with properties to fine-tune a wide variety of vesicle release modes. Here, by solving the structures of Rabphilin-3A (Rph3A) C2B-SNAP25 and Rph3A C2B-PIP 2 complexes, we revealed a membrane-binding mode in which the Rph3A-C2 domains operate in cooperation with PIP 2 /Ca 2+ and SNAP25, adopting a conformation able to promote membrane bending, suggesting a model to explain how Rph3A regulates various steps of the vesicle fusion process.
sedimentation assays also indicate that the bottom α-helices are crucial to interact with SNAP25, whereas the polybasic region is essential for the phosphoinositide-dependent interaction with the plasma membrane. Altogether, these data suggest that Rph3A might adopt a specific PIP 2 -dependent conformation at the membrane that facilitates the interaction not only with SNAP25 molecules but also with the SNARE complex, providing a plausible model to explain how Rph3A C2B might regulate different steps in the vesicle fusion process.
Results and Discussion
Structure of the Rph3A C2B-SNAP25 Complex. Cocrystals of Rph3A C2B domain (residues 536-680) in complex with the SNAP25 helical domains (SNAP25-N, residues 7-82; SNAP25-C, residues 141-203) were obtained in two different space groups, C2 and P2 1 , and the structures were solved at 3.3-and 2.8-Å resolution, respectively (Materials and Methods and Table S1 ). Structure determination was performed by molecular replacement using first the X-ray data of the C2 crystals and the coordinates of the C2B domain [Protein Data Bank (PDB) ID 2CM5] as a search model. The resulting electron density maps, after the positioning of the three C2B molecules included in the crystal asymmetric unit, allowed the confident tracing of a four-helix bundle formed by two complete SNAP25 molecules (SNAP25 -N1 and -C1 and SNAP25 -N2 and -C2; Fig. S1 ). As expected, the -N and -C α-helices of each SNAP25 molecule were assembled in a parallel fashion featuring a similar organization to the equivalent SNAP25 fragments in the previously solved SNARE complexes (4, 17) . However, the fact that the two independent SNAP25 molecules were in an antiparallel association indicates that an antiparallel arrangement of the -N and -C helices of the full-length SNAP25 molecule would be also possible (Fig. S2) . Two out of the three C2B-bound molecules (referred to C2B-A and C2B-B) established quasiequivalent interactions with the SNAP25 -N1 and -N2 moieties, residues from K40 to R59, whereas the third (C2B-C) was bound to the SNAP25-N1 N terminus (Figs. 1 A-C and 2) .
Furthermore, the asymmetric unit of the P2 1 crystals contained twice the content of the C2 crystals: two copies of the SNAP25 four-helix bundle associated in a pseudotwofold molecular axis that also included the three C2B molecules bound to each bundle (Fig. S3) .
The Rph3A C2B Bottom-Face α-Helices Specifically Contact the SNAP25 Helix -N. The major Rph3A C2B-SNAP25 contact interface (∼520 Å 2 ) involved the C2B α-helices located at the bottom face of the domain. The intermolecular interactions implicated were essentially identical in the C2B-A and C2B-B molecules present in the asymmetric unit of the C2 crystals as well as in C2B-A, C2B-B, C2B-A′, and C2B-B′, forming part of the asymmetric unit of the P2 1 crystal form ( Fig. 1 A-C, Fig. S3 , and Table S2 ). This contact surface combined both hydrophobic and polar interactions: a central hydrophobic cluster, connecting residues L655 and Y659 of C2B to the SNAP25-N1 residues I44, L47, and V48, is surrounded by two groups of intermolecular polar bonds ( Fig. 1 B and C) . The first group is composed of the C2B residues K651 and K656, which interact with the SNAP25 amino acids E38, K40, and D41 (Nt-region I), whereas the second group involves S618, K622, and K663 of C2B, and D51, E52, E55, and R59 of SNAP25 (Nt-region II). Most SNAP25 residues participating in this major contact interface were also involved in the so-called "primary interface" of the crystallographic Syt1-SNARE complex (17) (Fig. 1D) , suggesting a scenario of possible competition; however, the binding modes used by the Syt1 and Rhp3A C2B domains were totally different ( Fig. 1 C and D) .
Other C2B-SNAP25 contacts involving molecules A and A′ were detected by crystal packing analyses, but the binding surfaces were relatively small (<350 Å 2 ) and only partially conserved between crystals (Fig. S4) .
In both crystal forms, C2B-C participated in contacts with two distinct SNAP25-N molecules using two different interfaces: the first involved the bottom α-helices mentioned above that in this environment contacted the most N-terminal amino acids: M7, R8, E10, M14, and Q15 of SNAP25 (Nt-region III) (contact area, ∼530 Å 2 ; Fig. 2 and Table S2 ), and the second was contributed mainly by the β3-β4 polybasic region through crystal packing interactions (contact area, ∼358 Å 2 ; Fig. S4 ). In all complexes, the calcium binding loops (CBRs) of the three bound C2B molecules appear coordinating two Ca 2+ ions, as previously described (16) . In addition, the C2 crystals show the CBRs of molecules C2B-A and C2B-B free and exposed to the solvent with a sulfate molecule tightly bound to the Ca 2+ ions, probably mimicking the membrane phospholipids.
Structural comparisons between the six independent SNAP25 molecules determined here with the equivalent helices in the crystallographic SNARE-Syt1 complex (PDB ID 5CCG; ref. 17) showed rmsd ranging from 2.27 to 2.67 Å for the superimposition of all SNAP25 residues. Comparisons also revealed that the Rph3A C2B surfaces involved in interactions with SNAP25 are different from the Syt1 C2B surfaces involved in SNARE binding. In addition, the interacting region in Rph3A is not conserved in Syt1 and vice versa, suggesting that each protein possesses specialized motifs to interact with SNAP25 or SNARE complexes (Figs. 1 C and D and 3A). Furthermore, a protein BLAST search (18) , using the SNAP25 interacting regions of Rph3A as a reference, revealed that only DOC2B conserves these contacting residues (Fig. 3B ). DOC2B participates in spontaneous and asynchronous neurotransmitter release (19) (20) (21) , suggesting that Rph3A and DOC2B proteins interact with SNAP25 or SNARE complexes through a specialized motif to execute a precise function.
Structure of Rph3A C2B Bound to PIP 2 . To illustrate the key role of PIP 2 and Ca 2+ regulating the Rph3A C2 domains' interaction with the plasma membrane (11, 12, 22) , we crystallized and solved the structure of the Rph3A C2B-PIP 2 -Ca 2+ ternary complex at 2.5-Å resolution (Table S1 ). The crystal asymmetric unit comprised two independent C2B molecules (C2B-A and C2B-B). The analysis of electron density maps confirmed the presence of Ca 2+ and phosphoinositide ligands bound to both C2B domains (Fig. 4) .
As described above for the Rph3A C2B-SNAP25 complex, the CBR loops of the two independent C2B molecules appear to be coordinating two Ca 2+ ions (Ca1 and Ca2). Also, a strong peak of extra electron density that was located close to the C2B-A Ca1 was interpreted by the presence of a sulfate ion from the crystallization solution (Fig. 4A ). This sulfate completes the coordination of Ca1, similarly to the phosphate group of phosphatidylserine in the PKCα-C2-Ca 2+ -phosphatidylserine complex (23) . Well-defined extra electron densities were found within the β3-β4 polybasic surface of both C2B domains. These densities were clearly explained by the presence of the PIP 2 molecules occupying the concave cavities (Fig. 4) . Although the conformation of the bound PIP 2 is considerably different in the two complexes, the C2B interacting amino acids, K581 (strand β3), K590, K593, and K595 (strand β4) and N638 (CBR2), are maintained in both structures. In addition, the PIP 2 molecule bound to C2B-B extends their contacts with this concave surface, establishing a new interaction with W630 (Fig. 4B) .
Comparisons with other C2-PIP 2 complexes solved previously by our group illustrate the plasticity of the phosphoinositide molecule when binding the C2 domain polybasic surface (12, 24) (Fig. S5) .
In a previous work, we modeled the phosphoinositide molecule into the polybasic groove of the Rph3A C2B domain based on the Rph3A C2A-PIP 2 structure, allowing the prediction of residues involved in the interaction that were borne out by binding and aggregation experiments in solution (12) . The Rph3A C2B-PIP 2 -Ca 2+ structures obtained here confirmed the prediction, providing solid evidences that support the existence of a polybasic conserved region located in the β3-β4 strands of some C2 domains (12, (24) (25) (26) (Fig. S5 ). This region endows them with the ability to interact with phosphoinositides that together with Ca 2+ sensing might confer special properties to modulate the membrane curvature and, in consequence, the progress of the membrane fusion event.
The N-Terminal Region I of SNAP25 Is Critical for the Rph3A-C2B
Interaction. Several works, including the Rph3A C2B-PIP 2 -Ca 2+ structure solved here (Rph3A C2B-PIP 2 ), have shown that both C2 domains of Rph3A depend on PIP 2 and Ca 2+ to bind to the plasma membrane through the polybasic region (11, 12, 16) . Other experimental approaches performed in the absence of lipids prompted the hypothesis that the C2B domain might also interact with SNAP25 through the same area (14) . Similarly, the solution structure of the Syt1-SNARE complex showed a dynamic binding mode in which the polylysine region of Syt1 C2B contacted a polyacidic area of the SNARE complex, involving residues of SNAP25 and STX1A (27) .
To better understand how the Rph3A-C2 domains work, we designed a lipid-binding sedimentation assay to test the ability of SNAP25 to interact with the C2AB domain of Rph3A in the presence of Ca 2+ and membrane models. The addition of PIP 2 -containing vesicles to preincubated mixtures of SNAP25 and increasing concentrations of Rph3A-C2AB showed that the C2AB domain was able to simultaneously bind to PIP 2 and SNAP25 (Fig. 5 A and C) . Control experiments discarded that SNAP25 aggregates or binds lipid vesicles independently, indicating specific C2AB-SNAP25 interactions (Fig. S6 A-C) . To confirm the role of the bottom α-helices of C2B as the main SNAP25 contact surface, we generated mutants of the main interacting residues and tested their effect on binding by sedimentation assays. The K651A/K656A/K663A (C2AB-M1) and K651A/K656A/K663A/H617A (C2AB-M2) mutants bound to PIP 2 -containing membranes, but none of them was able to interact with WT SNAP25 (Fig. 5B) , indicating that this motif is crucial for the SNAP25 interaction while the polybasic region still interacts with PIP 2 (Fig. 5 B and C and Fig. S6 D and E) . Three regions of SNAP25 were explored, and we found that mutation in the motif E38/D41/R45 (Nt-region I, SNAP25-M1) was critical, producing an 88% of binding inhibition (Fig. 5B) . However, mutations in regions D51/E55/R59 (Nt-region II, SNAP25-M2) and R8/E10/Q15 (Nt-region III, SNAP25-M3) (Fig. 5B ) did not produce a significant effect. Together, these results support that the α-helix at the bottom face of Rph3A-C2B and the Nt-region I of SNAP25 are the main contributors of the biologically relevant Rph3A-SNAP25 interface.
Whether Rph3A interacts only with SNAP25 in the vesicle fusion cycle is not well known, but some immunoprecipitation experiments have demonstrated that Rph3A might also interact with the SNAP25-STX1A complex (13, 15) . To test the ability of the Rph3A-C2AB domain to interact with different components of the SNARE complex in vitro, we performed sedimentation assays and demonstrated that the C2AB domain was able to bind the SNAP25/STX1-H3 and SNAP25/STX1-H3/ VAMP2 (SNARE) complexes, whereas the α-helix C2AB mutant (K651A/K656A/K663A) was not (Fig. S7) . These data indicate that the membrane-binding mechanism used by Rph3A-C2AB-SNAP25 is compatible with different states of the SNARE complex.
Model of Membrane Bending Controlled by the Rph3A-PIP 2 -Ca 2+ -SNAP25 Complex. Previous data showed that Rph3A has been involved in two different events at the prefusion state: the regulation of the docking/fusion of dense-core vesicles in PC12 cells (13, 14) and the control of synaptic vesicles repriming in hippocampal neurons (15) . The Rph3A C2B-SNAP25 and Rph3A C2B-PIP 2 -Ca 2+ interactions characterized in this work suggest a membrane-binding mode in which the Rph3A-C2AB domain operates in cooperation with PIP 2 , Ca 2+ , and SNAP25 in a conformation compatible to interact with other coiled-coil structures found in the secretory/synaptic active zone like SNAP25-STX1A and the complete SNARE complex (Fig. 6A) . These results explain how Rph3A might control the dense-core vesicle docking process and provide a plausible model for SNARE-dependent Ca 2+ -triggered vesicle fusion (8-10). At low Ca 2+ concentration, the C2AB-SNAP25-STX1A module docks the plasma membrane by four points: two PIP 2 molecules for each C2 domain, the SNAP25 palmitoylation sites, and the transmembrane region of STX1A (Fig. 6B) , whereas VAMP2 could engage the SNARE complex to approach vesicles to the plasma membrane surface. Ca 2+ influx would then promote a new interaction with negatively charged phospholipids through the Rph3A C2AB calcium-binding regions, forcing the domains to dock in the membrane through an additional point, therefore distorting the membrane curvature (12) (Fig. 6C) . The plasticity observed in the conformation of the PIP 2 molecule bound to the C2 domains polybasic region (Fig. 4 and Fig. S5 ) would also contribute to membrane deformation. This membrane-bending mechanism driven by Ca 2+ has been described for other PIP 2 -interacting C2 domain-bearing proteins that also participate in vesicle fusion, like synaptotagmins (28) and DOC2B (20) . In fact, the preferred use of the Syt1 C2B polybasic region for PIP 2 binding has been recently demonstrated by different biophysical techniques (25, 26) .
Comparisons between the Rph3A C2B-SNAP25 structures with that of the Syt1-SNARE complex show that Rph3A and Syt1 exhibit different binding sites to contact a similar region in SNAP25. This might serve as a general strategy not only to compete for the same target but also to differentially orient the SNARE complexes onto the plasma membrane ( Fig. 6 B and D) that would result in different Ca 2+ -triggered membrane curvature effects (Fig. 6 C and E) , entailing a new regulation point.
The Rph3A C2B-SNAP25 interacting model would also explain why Rph3A acts as a brake to control vesicle repriming after depletion of the readily releasable pool by high-frequency stimulation (15) . It is likely that Rph3A forms complexes with SNAP25 or SNAP25-STX1A combinations that locate at the active zone and slow down the recovery of synaptic vesicles by intercalating and competing with the Syt1-SNARE complexes that are the controllers of the fast Ca 2+ -triggered synchronous release.
Whether these modes act in clusters of isolated or mixed populations or how they combine before and after the fusion process are questions that will require further investigation. Data presented here shed light into the big puzzle of vesicle fusion and prompt the hypothesis of a mechanism to fine control the wide variety of fusion modes based on C2 domains, with different affinities for Ca 2+ and PIP 2 , combined with their mode of interaction with the SNARE components.
Materials and Methods
Cloning, Expression, and Purification of Rph3A and Mutants. Rph3A cDNA was from OriGene Technologies. The expression and purification of the C2 domains of Rph3A (C2B: G536-H680) was previously described (12) . The Rph3A C2AB domain (D378-H680) cloned into pET28a and Rph3A C2AB mutants [C2AB-M1 (K651A/ K656A/K663A) and C2AB-M2 (K651A/K656A/K663A/H617A)] were obtained by site-directed mutagenesis using the QuikChange XL site-directed mutagenesis Kit (Stratagene). All constructs were confirmed by DNA sequencing in the Research and Development Support Center of Universidad de Murcia (Spain).
All constructs were expressed in BL21(DE3) Escherichia coli cells and were induced for 6 h at 30°C with 0.5 mM isopropyl-β-D-thiogalactopyranoside Fig. 3 . Comparison of the SNAP25 binding interfaces of Rph3A C2B and Syt1 C2B. (A) Structure-based sequence alignment of the Rph3A and Syt1 C2B domains. The strictly conserved residues are in red blocks, and similar residues are in red characters and blue boxes. The Rph3A C2B residues interacting with the SNAP25 are marked with olive blocks, and that of syt1 C2B with salmon blocks. (B) BLAST alignment (18) , using the sequences around the C2B α1-and α2-helices (red rectangles) that form the main interface of the C2B-SNAP25 complex. Blue rectangles show residues interacting with SNAP25, with red stars indicating amino acids that contact the Nt-region II (D51, E52, E55, and R59), and yellow stars highlighting residues that contact Nt-region I (E38, K40, and D41).
(IPTG). The cells were lysed by sonication in 25 mM Hepes, pH 7.4, and 300 mM NaCl. The soluble fraction of the lysate was separated through a HisGraviTrap column (GE Healthcare) and the 6×His-C2AB eluted with a gradient of imidazole (50-500 mM). The fractions containing the C2AB domain were pulled and desalted in a HP26/10 column (GE Healthcare) equilibrated with 25 mM Hepes, pH 7.4, and 100 mM NaCl. The 6×His-tag was removed by thrombin cleavage. After that, the C2AB domain was incubated with p-aminobenzamidine resin, concentrated using an Ultrafree-10K centrifugal filter unit (Millipore) and finally polished in a HiLoad 16/60 S75 (GE Healthcare) preequilibrated with 25 mM Hepes, pH 7.4, and 100 mM NaCl.
Cloning, Expression, and Purification of SNAP25A and Mutants. SNAP25A cDNA was from OriGene Technologies. SNAP25-N (M7-G82) and SNAP25-C (A141-L203) were cloned into pET28a and SNAP25 full-length (M7-L203) into pET15b. Site-directed mutagenesis was performed to obtain the full-length SNAP25 mutants: SNAP25-M1 (E38A/D41A/R45A), SNAP25-M2 (D51A/E55A/ R59A), and SNAP25-M3 (R8A/E10A/Q15A). All constructs were confirmed by DNA sequencing. SNAP25-N and SNAP25-C constructs were expressed in BL21(DE3) Escherichia coli cells. The bacterial cultures (OD 600 = 0.6-0.8) were induced for 6 h at 30°C with 0.5 mM IPTG. The cells were lysed by sonication in lysis buffer (25 mM Hepes, pH 7.4, 140 mM NaCl, 0.125 mM DTT) containing protease inhibitors (10 mM benzamidine, 1 mM PMSF, and 10 μg/mL trypsin inhibitor). The soluble fraction of the lysate was separated through a HisGraviTrap column (GE Healthcare) and the 6×His-SNAP25 domains eluted with a gradient of imidazole (50-500 mM). The fractions containing the SNAP25 proteins were pulled and desalted in a HP26/10 column (GE Healthcare) to a final buffer 25 mM Hepes, pH 7.4, 100 mM NaCl, and 0.125 mM DTT. The 6×His-tags were removed by thrombin cleavage. Finally, the proteins were incubated with p-aminobenzamidine resin and concentrated using an Ultrafree-5 centrifugal filter unit (Millipore). The full-length constructs of SNAP25 was grown for 5 h at 25°C after IPTG induction, lysed by sonication in lysis buffer (25 mM Tris, pH 7.5, 300 mM NaCl, 1 mM DTT), purified very similarly to the C-and N-terminal constructs with a base buffer containing 25 mM Tris, pH 7.5, 300 mM NaCl, and 1 mM DTT, and finally polished on a Superdex 200 10/300 GL column (GE Healthcare) that was preequilibrated with 25 mM Hepes, pH 7.4, 100 mM NaCl, and 1 mM DTT buffer.
Cloning, Expression, and Purification of STX1A and VAMP2. Sintaxin1A (STX1A) (29) and VAMP2 (30) cDNAs were obtained from Addgene. STX1A (A191-K256) and VAMP2 (S28-W89) were cloned into pET15b. Proteins were expressed in BL21(DE3) Escherichia coli cells and produced similarly to SNAP25-N and -C with buffer of 25 mM Tris, pH 7.5, 300 mM NaCl, and 1 mM DTT that was exchanged to 25 mM Tris, pH 7.5, 100 mM NaCl, and 1 mM DTT before thrombin cleavage.
Crystallization of the Rph3A C2B-SNAP25 and Rph3A C2B-PIP 2 Complexes. Different designs of SNAP25, full length and SNAP25-N (amino acids 7-82) and SNAP25-C (amino acids 141-203), and Rph3A C2B domain (short: residues from 536 to 680, and long: residues 519-680 including part of the C2A-C2B loop) were obtained, purified, and tested for crystallization. The crystallization trials of the Rph3A C2B-SNAP25 complex were performed after an overnight incubation of the two proteins at 4°C in equimolar concentrations. Crystals were grown at 293 K using the sitting-drop vapor diffusion technique. Initial screens were performed in 200-nL droplets on 96-well plates, using a Cartesian robot (Cartesian Microsys 4000XL). Thin plates, space group C2 (Table S1) , were grown from a solution containing 1 μL of 38.58 mg/mL protein complex (C2B short, SNAP25-N and SNAP25-C) plus 2 μL of a reservoir containing 20% PEG3350, 0.35 M ammonium sulfate in a 0.1 M Tris (pH 8.5). A second crystal form, space group P2 1 (Table S1 ), was obtained in the same conditions but adding 100 μL of Al's Oil (Hampton) in the reservoir, to reach the vapor diffusion equilibrium more slowly. In these conditions, similar plates but with better-defined morphology appeared in 3 d.
The C2B-PIP 2 complex was formed by incubating Rph3A C2B (short domain) at 16 mg/mL in the presence of 2 mM 1,2-dicaproyl-sn-phosphatidylserine (DCPS) and 0.5 mM PIP 2 overnight at 4°C, and then an equimolar proportion of SNAP25 (-N and -C helices) at 10 mg/mL was added to the mixture and incubated overnight at 4°C. Crystals were grown at 293 K by sitting-drop vapor diffusion in 600-nL droplets, containing 300 nL of complex solution (in 100 mM NaCl, 25 mM Hepes, pH 7.4) plus 300 nL of precipitant solution on 96-well plates, using the Cartesian robot, with reservoir volume of 100 μL. Small needles appear in 2 d from a solution containing 24% PEG3350, 0.1 M ammonium sulfate, and 0.1 M Tris, pH 7.5, in the reservoir.
All crystals were transferred to a cryoprotectant solution containing 20% glycerol in the crystallization buffer and then were flash-frozen in liquid nitrogen.
Data Collection and Structure Solution. All diffraction datasets were collected at 100 K using synchrotron radiation (Table S1 ). X-ray data of Rph3A-C2B-SNAP25, C2 crystal form, and of Rph3A-C2B-PIP 2 crystals were collected to 3.3-and 2.5-Å resolution, respectively, on a Pilatus detector at the ALBA beamline XALOC (Cerdanyola del Vallès, Spain). Data from the P2 1 crystals were collected to 2.8 Å on ID23-2 beamline at European Synchrotron Radiation Facility (ESRF) (Grenoble, France). Diffraction images were indexed and integrated using program XDS (31) and scaled, merged, and reduced with SCALA (ccp4i) (32) . The phases for the two Rph3A-C2B-SNAP25 crystal structures were determined by molecular replacement. The C2 space group was solved first with MolREP (33), using the Rph3A C2B domain (PDB ID 2CM5) as search model. The initial electron density maps after the positioning of the three independent C2B molecules included in the crystal asymmetric unit revealed the presence of well-defined extra density that allowed the tracing of a long four-helix bundle, formed by two helices of SNAP25-N and two helices of SNAP25-C organized in an antiparallel way. Manual model rebuilding performed with program COOT (34) was alternated with cycles of automatic refinement by using programs REFMAC5 (35) and PHENIX (36) . The structure of the complex in the space group P2 1 was solved with Phaser (37), using two ensembles: C2B and the four-helix bundle of SNAP25, determined previously as starting models. The asymmetric unit of these crystals contained two copies of SNAP25 four-helix bundle bound to three C2B molecules each, related by a pseudotwofold molecular axis (Fig.  S3) . These crystals presented a pseudo merohedral twining with a twin law -h, -k, -h-l, which was applied during the whole refinement process. Structures were iteratively rebuilt and refined, using programs COOT (34), REFMAC5 (35) , and PHENIX (36) .
The structure of the Rph3A-C2B-PIP 2 complex was determined using Phaser (37) , with the coordinates of the isolated C2B domain (PDB ID 2CM5) as starting model. Initial maps clearly showed extra densities corresponding to the phosphoinositide molecules bound to the polybasic region of both C2B domains present in the crystal asymmetric unit. However, the SNAP25 protein and DCPS ligand were not found in this structure. Several cycles of automatic refinement, performed with PHENIX (36), were alternated with manual model rebuilding using COOT (34) . The refinement statistics and model validation parameters of the three crystal structures are given in Table S1 . Figures were prepared using PyMOL (38) .
Lipid Sedimentation Assay. The preparation of multilamellar vesicles was performed according to reported methods (24) . Briefly, chloroform solutions composed of POPS/POPC/PIP 2 (25:65:10) were mixed and dried under a stream of liquid nitrogen gas and then dried under vacuum for 3 h. The dried lipids were suspended in buffer and allowed to hydrate above the transition temperature of the lipid mixture for 30-60 min. The concentration of phosphoinositide was chosen based on recent investigations that revealed highly enriched microdomains at sites of synaptic vesicles exocytosis by means of superresolution stimulated-emission depletion microscopy (39) . For the lipid sedimentation assay, the Rph3AC2AB and SNAP25 were mixed and incubated for 5 min at 25°C in the presence of 200 μM CaCl 2 , and then 1 mM lipid vesicles were added to the mixture, incubated for 5 min at 25°C, and centrifuged at 34,000 × g for 20 min. Supernatants [soluble fraction (S)] were separated from the pellet (P) (lipid-bound fraction) and analyzed in 17% SDS/PAGE gels stained with Coomassie Brilliant Blue G250. Quantification was performed using the Analyze/Gels plugging of Fiji ImageJ (40) . Small unilamellar vesicles were prepared as described previously (12) . Fig. 6 . Comparative binding models of the Rph3A C2B-SNARE and Sytl C2B-SNARE complexes on the plasma membrane. (A) Docking models of the Rph3A-SNARE (Left) and Sytl-SNARE (PDB ID 5CCG; Right) complexes on the membrane surface built considering the structural information available (this work and refs. 12, 17, and 24). The C2B domains (orange and yellow for the Rph3A and Sytl, respectively) have been accommodated on Top of a half-bilayer model membrane (PDB ID popc128a) with a PIP 2 molecule (atom-type color sticks, carbon atoms in cyan) bound to their polybasic regions, using the Rph3A C2B-PIP 2 complex as a reference. In Raph3A, this membrane-binding model fully exposes the α-helices at the bottom face of the C2B domain, interacting with SNAP25 (green). The STX1A (blue) and VAMP2 (red) helices have been modeled by structural alignment with the SNARE complex (PDB ID 1SFC). (B and C) Cartoon representations of two symmetric Rph3A C2B-SNAP25-STX1A-VAMP2 complexes docked to the plasma membrane by PIP 2 , SNAP25 palmitoylation (black line), and the STX1A transmembrane helix (blue line), before (B) and after (C) Ca 2+ binding. For simplicity of the scheme, the C2A domain of Rph3A has not been represented. However, it is important to note that C2A also interacts with another PIP 2 molecule and responds to Ca 2+ at the membrane surface providing an additional anchorage and potential deformation point. (D and E) Comparative representation of the Sytl C2B-SNARE complex; in both cases, the Ca 2+ -induced membrane curvature is different but compatible with the formation of the fusion pore. For simplicity, many other proteins involved in the fusion process of synaptic vesicles like Munc18, Munc13, full-length STX1A, and complexin have not been represented; the C2A domain of Syt1 is not shown, but it is important to remark that it does not bind PIP 2 (12) and permanently engages the synaptic vesicle through the transmembrane region making almost impossible its approach to the plasma membrane. Vesicle size for the main function of each protein has also been represented. In B, dcv refers to a dense-core vesicle in PC12 cells for Rph3A (14) . In D, sv refers to a synaptic vesicle in hippocampal neurons for Syt-1 (3).
